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are involved in adsorption, desorption and transformation processes and can be made available to ben-
thic organisms as well as organisms in the water column through the sediment-water interface. Most of
these recalcitrant hydrocarbons are toxic and carcinogenic, they may enter the food-chain and accumu-
late in biological tissue. Several approaches are being investigated or have been already used to remove

ggﬁm’gﬁ: organic hydrocarbons from sediments. This paper provides a review on types and sources of organic pol-
Organic pollutants lutants as well as their behavior in sediments. It presents the advantages and disadvantages of traditional
Remediation technologies sediment remediation techniques in use, such as dredging, capping and monitored natural attenuation.
Bioremediation Furthermore, it describes new approaches with emphasis on bioremediation, like biostimulation, bioaug-

mentation and phytoremediation applied to sediments. These new techniques promise to be of lower
impact and more cost efficient than traditional management strategies.
© 2009 Published by Elsevier B.V.
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1. Introduction
Aquatic sediments are repositories of physical and biological
* Tel.: +55 71 32839780; fax: +55 71 32839780. debris and act as sinks for a wide variety of organic and inor-
E-mail address: louisa@ufba.br. ganic pollutants [1]. Chemical contaminants present in the aquatic
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ecosystem may be immobilized and accumulated in sediments or
may be subject to transformation and activation processes [2].

Contrary to inorganic pollutants, such as heavy metals, hydro-
carbons can be transformed and degraded mainly by biological
processes, with degradation resulting sometimes to mineralization.
Aquatic sediments, because of their inherently anaerobic condi-
tions and abundant carbon and energy sources, tend to have ample
microbial biomass and diversity [3], which are potentially able to
degrade organic pollutants.

Hydrocarbons may enter the aquatic ecosystem either directly,
by effluents or spills, or indirectly by terrestrial runoff or atmo-
spheric deposition. Their persistence in the environment depends
mainly on their chemical and physical characteristics. The more
complex their structure, the more halogenated and hydrophobic
they are, the more these pollutants tend to accumulate in sediments
associated to particulate material therein.

Hydrocarbons can become dangerous especially if they enter
the food-chain, since several of the more persistent compounds, as
PAHs and PCBs are carcinogenic [4].

In the sediments, organic pollutants may associate temporar-
ily to the particulate matter, establishing equilibrium relations
in the water-sediment interface. These sorption and desorption
processes substantially determine the bioavailability of toxic sub-
stances [5]. The direct transfer of chemicals from sediments to
organisms is now considered to be a major route of exposure
for many species. To evaluate the contaminant release from sed-
iment through desorption processes, both the characteristics of
the sediment and the overlying water column must be considered
[1]. Contaminants may be mobilized by changes in geochemical
parameters (e.g. pH), by diffusion of pollutants into the water body
because of concentration gradients, by oxidation of anoxic sedi-
ments through bioturbation or resuspension caused by flooding, as
well as by degradation processes leading to a more mobile form [6].

The estimated costs for the cleanup of contaminated sites
with conventional techniques, involving incineration or landfilling,
are enormous. When dredging or related techniques are applied
the environmental problem is not eliminated but only moved to
another compartment. The cleanup of all contaminated sites in
the United States alone would mount to a sum of approximately
US$1.7 trillion [7]. Therefore, more cost-effective and less invasive
technologies are necessary.

This review aims to give an overview over remediation tech-
niques in use, like dredging, capping, and monitored natural
recovery (MNR). Also, new alternatives are presented, some of
which are already in phase of pilot scale application and promise to
cause less environmental impact and at the same time to be more
cost efficient.

2. Organic pollutants

Hydrocarbons in sediments originate from diverse sources,
which can be summarized in the following categories [8,9]:

e anthropogenic (industrial chemicals);
e petroleum inputs;

¢ incomplete combustion of fuels;

o forest and grass fires;

¢ biosynthesis of hydrocarbons by aquatic or terrestrial organisms;
¢ post-depositional transformation of biogenic precursors;
e diffusing from the mantle, petroleum source rocks or reservoirs.

Persistent organic pollutants and emerging contaminants have
been described in several reviews (see Eljarrat and Barcel6 [10] for
a priority list of these pollutants based on their relative toxic poten-
tial in environmental samples). The following list should serve to
give an overview of contaminant groups mentioned later on in the
discussion of remediation technologies.

2.1. Polycyclic aromatic hydrocarbons (PAHSs)

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous pol-
lutants. There are over 100 different PAH compounds. PAHs are
mainly formed by incomplete combustion of organic substances
and rarely are of industrial use, except for a few PAHs used in
medicines and the production of dyes, plastics and pesticides [11].
They are highly toxic to organisms due to their carcinogenic and
mutagenic potential. Because of their low water solubility and
hydrophobicity, they tend to adsorb on and accumulate in sedi-
ments, where the degradation of PAHs with high molecular weights
is particularly slow [12]. Sixteen individual PAH compounds have
been classified as priority pollutants by the United States Envi-
ronmental Protection Agency (US-EPA, Table 1) due to their toxic,
mutagenic and carcinogenic characteristics [4] and chronic toxic
effects from high PAH concentrations in sediments on benthic and
aquatic organisms have been reported [2].

2.2. Polychlorinated biphenyls (PCBs)

Polychlorinated biphenyls, PCBs, are among the worst pollu-
tants because of their toxicity, carcinogenicity, wide distribution
and slow biodegradation in the environment [13]. Hundreds of
thousands of metric tons of commercial PCBs (e.g. Aroclors) persist
in aquatic sediments [14]. PCBs are used in hydraulic fluids, plas-
ticizers, adhesives and lubricants, flame retardants and dielectric
fluids in transformers. They are released during production, from
spillage and disposal [15].

2.3. Polychlorinated dibenzo-p-dioxins and dibenzofurans
(PCDD/Fs)

Polychlorinated  dibenzo-p-dioxins and dibenzofurans
(PCDD/Fs) have been deposited decades ago and are still found in
deep sediment layers. PCDD/Fs are often considered recalcitrant
towards biotic and abiotic degradation processes [16]. Thus, they
are among the most notorious environmental pollutants. Some
congeners, particularly those with lateral chlorine substitutions
at positions 2, 3, 7 and 8, are extremely toxic and carcinogenic to
humans [17].

2.4. Others

Another group of contaminants found frequently in the environ-
ment are chlorinated compounds such as trichloroethene, carbon

Table 1

The 16 PAH priority pollutants defined by US-EPA.
Two-ring Three-ring Four-ring Five-ring Six-ring
Naphthalene Fluoranthene Crysene Benzo[a]pyrene Benzol[g,h,i]perylene
Fluorene Phenanthrene Pyrene Indeno[1,2,3-c,d]pyrene
Acenaphthene Anthracene Benzo[a]anthracene Dibenzo[a,h]anthracene

Acenaphthylene

Benzo[b]fluoranthene

Benzo[k]|fluoranthene
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tetrachloride, and pentachlorophenol, which are used as solvents
and for wood treatment [15].

3. Remediation strategies

The first step of any contaminated sediment management strat-
egy, before applying any of the available remediation techniques,
is the contaminant source control or elimination. The two main
objectives of sediment management strategies are on one hand
to minimize contaminant risk to human health and the environ-
ment, and on the other hand to minimize cost. A third goal gaining
importance is to minimize the risks associated with the remedia-
tion technique itself, like habitat destruction and/or modification
[18].

Usually one of the following response actions is used in sedi-
ment remediation today: dredging, capping or monitored natural
recovery (MNR).

3.1. Dredging and related technologies

3.1.1. Dredging

Dredging consists in the physical removal of the contaminated
sediment layers. Typically, it is the most expensive technique
(Table 2) which results in the greatest mass removal from the
aquatic environment [18]. But at the same time it only shifts the
contamination problem to another place, as the removed sediment
has to be deposed elsewhere and thus requires further manage-
ment. The effectiveness of dredging in sediment remediation has
been questioned in recent years due to several limitations of this
technique. The dredge may miss contaminated areas and residual
contaminated sediment may mix with underlying or surround-
ing sediment. Resuspended material can migrate downstream
and affect ecosystems there as well. Dredging may lead to long-
or short-term increases of contaminant bioavailability, facilitat-
ing pollutant entrance into food-chains. As dredging is also the
most invasive technique, it very likely leads to the alteration or
destruction of the benthic community. Furthermore the presence
of boulders and debris may limit the effectiveness and impede the
achievement of low contaminant cleanup levels [19].

Nevertheless, dredging has been applied in lakes, rivers and
harbors in the USA and other countries because it permanently
removes the contaminated sediment. In the US, about six million
yards [18] of contaminated sediment have been removed and dis-

Table 2

posed during 71 major remediation projects. Most of the removed
material was disposed in landfills, but some disposal has been
realized in confined aquatic disposal (CAD) cells, leading to con-
siderable cost savings.

Analysis of pre- and post-dredging by the NRC Committee on
Sediment Dredging at about 20 Superfund Megasites [20] found a
wide range of outcomes in terms of surface sediment concentra-
tion of contaminants; from increase, over no change, to decreases
in concentrations. About one half of the 20 sites evaluated by the
committee either did not achieve remedial goals or monitoring was
insufficient to assess dredging performance. Remedial goals were
met at about 25% of the sites and at another 25% remediation action
was too recent for judgment. The NRC report concludes that dredg-
ing alone has not achieved remediation objectives at the majority
of sites.

3.1.2. Dry excavation

Dry excavation differs from dredging, since the removal of sed-
iment follows a significant dewatering of the water body, which
enhances access to the contaminated areas and minimizes contam-
inant migration downstream during excavation. As with dredging,
removed sediment requires subsequent treatment and/or deposi-
tion. This technique is very expensive and poses similar benefits
and limitations as dredging, in addition to the technical challenge
of maintaining “dry” conditions [21].

3.2. Capping and related technologies

3.2.1. Capping

Capping consists of covering the contaminated sediment surface
with clean material, thus isolating the sediments. Potential benefits
are the reduction of contaminant water-column concentrations and
therefore reduced bioavailability to benthic and aquatic organisms,
as well as the minimization of downstream migration. Applying
caps to contaminated sediment is typically less expensive than
dredging, with costs depending primarily on cap design (Table 2).
Capping requires long-term monitoring and poses a certain risk
because contaminants are left in place [18]. During the placement
of capping material, contaminated sediments can be mixed with
the clean material or resuspended. Placement may be challenging
in deeper waters, areas with wave action, boat traffic, or large tar-
geted surface areas. Long-term risks are the erosion of the cap and
diffusion of contaminants through the cap material, as well as the

Cost [$] per m? of remediated sediment treated by dredging, capping and bioremediation.

Site Technique Area [m?] Pollutant Cost [$] Material Cost [$] per m?
Thunder Bay 2 Dredging 13,000 Creosote 9,300,000 715.00
St. Louis River 2 Dredging 1892 Murphy oil 250,000 132.00
Manistique River 2 Dredging 44,100 PCB 25,000,000 567.00
Kalamazoo River 2 Dredging 3700 PAH, mercury, lead 900,000 243.00
Shiawassee River @ Dredging 35,600 PCB 13,558,000 381.00
River Raisin ? Dredging 20,000 PCB 6,000,000 300.00
Maumee River 2 Dredging 6100 PCB 5,000,000 820.00
St Clair River ? Dredging 200 Pentachlorophenol 350,000 1750.00
Niagara River ? Dredging 13,000 Dioxin 14,000,000 1077.00
Minamata Bay, Japan ? Capping 582,000 388,000,000 1.5 mio m3 of clean 667.00
sediment
Little Lake Butte des Morts ? Capping 170,000 7,565,000 Two 30-cm layers of fill 44.50
and cobbles and two
geotextile layers
New Bedford Harbor P Capping 760,000 32.832.000 1-m layer of sand on top 43.20
of a geotextile
Hamilton Harbor 2 Capping 10,000 Heavy metals, PCB, 650,000 50-cm layer of sand 65.00
PAH
Hamilton Harbor 2 Bioremediation 414,103 323,000 Injection of oxygen, iron 0.78

oxide, calcium nitrate

a Ref. [83].
b Ref. [84].
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disruption of groundwater seepage patterns, and the creation of
flow bypassing around the caps [22]. Depending on the capping
material used, benthic communities may be altered. The presence
of an in situ cap shifts the deposition of labile organic matter to the
newly formed cap-water interface, thus removing a source of car-
bon and organic substrates from the biologically active sediment,
where biotransformations are most likely to occur [3].

Cap design can be very variable. Sand is the traditional material
employed for capping, but also other natural or synthetic mate-
rials of varying sizes are available. The design of reactive caps
to sequester of transform contaminants has been an objective of
investigations recently [23-27].

Jacobs and Foerstner [27] proposes the use of natural zeolites
as capping material, as they are easily available and can be trans-
formed into a powerful sorptive agent. Zeolites are mined as a
brittle, solid rock, whose grain size distribution can be controlled
freely. More coarse grained material settles readily onto the surface
sediments, which facilitate its application in subaqueous environ-
ments. Zeolites can be transformed to a powerful sorptive agent by
pre-treatment of surfaces with cationic surfactants. Such surface
activated zeolites facilitate the retention of non-polar contami-
nants in aquatic systems.

Natural organic material from different plant sources in various
forms of cellulose, hemicellulose, lignin, and humics were tested
as sorbents after activating them by superheated water processing
[24,25]. This pre-treatment increased condensation and aromati-
zation of these organic materials, two characteristics that were
shown to be directly related to their sorption-desorption proper-
ties. These engineered natural organic sorbents were successfully
tested for phenanthrene retention, indicating a strong potential
for the production of an efficient and cost-effective material for
environmental applications.

Murphy et al. [26] evaluated the effectiveness of applying a thin
layer (1.25 cm) of an active sorbent like organic-rich soil, coke or
activated carbon between the contaminated sediment and a con-
ventional sand cap of 15 cm. In the absence of groundwater seepage
the thin layer of capping material was estimated to provide isola-
tion for more than 500 years and lowered PCB flux into the bioactive
zone compared to pure sand caps. Even with moderate ground-
water seepage of 1cm per day, high capacity sorbents, such as
activated carbon, could still provide long isolation times.

3.2.2. Geotextile mats

Geotextiles are part of the geosynthetics family. According to
the ASTM D 4439 [28] the geotextile is defined as “a perme-
able geosynthetic comprised solely of textiles. Geotextiles are
used with foundation, soil, rock, earth, or any other geotechnical
engineering-related material as an integral part of human-made
project, structure, or system.” Geotextiles are permeable, polymeric
structures in the form of flexible sheets most commonly made of
polypropylene. Based on their manufacturing process they can be
classified into the following categories: (i) woven geotextiles, made
from yarns by waving process; (ii) non-woven geotextiles, made
from directionally or randomly oriented fibers bonded together;
(iii) knitted geotextiles, made from interloping yarns; and (iv)
stitch-bonded geotextiles, made of fibers or yarns stitched together
[29]. The four most common applications of geotextiles are in fil-
tration, separation, reinforcement and drainage processes.

Geotextile mats are also used in sediment capping processes.
They can be used as an underlay stabilizing the actual cap material
(as realized at Little Lake Butte des Morts, Table 2) or include reac-
tive sorptive agents encapsulated into carrier textiles, which are
adhered together to provide product integrity. The Contaminated
Sediments Center of the University of New Hampshire is currently
evaluating the efficiency of such reactive core mats, which include
a combination of sorbants capable of sequestering both heavy met-

als and organic contaminants (www.unh.edu). Applying geotextile
mats as sediment caps allows to place a thin layer of reactive media
in a stable and precise manner [30]. On the other hand the use of
mats increases the isolation of the sediment from organic matter
and benthic organisms more than capping with granulate material.

3.2.3. Sediment mixing with sorptive agents

Instead of including reactive sorbants in the capping material,
they can be mixed with the sediment to immobilize contaminants
in place and thus reduce their bioavailability and access to the
food-chain. Zimmerman et al. [23] compared the sorptive activ-
ity of coke and activated carbon mixed with the biologically active
layer of contaminated sediment at Hunters Point Naval Shipyard,
CA. Activated carbon was the more effective sorbent, due to its
much greater specific surface area and a pore structure favorable for
binding contaminants. Treatment with activated carbon was capa-
ble of reducing aqueous equilibrium PCB and PAH concentration by
92% and 84%. Related studies also show that the treatment signifi-
cantly reduced the bioavailability of PCBs to filter feeding and soil
dwelling organisms in laboratory experiments [31] as well as field
pilot scale studies [32]. Amendment of sediments with activated
carbon reduced the bioavailability of DDT to mussels in laboratory
tests [33] as well.

4. Bioremediation technologies

The term “bioremediation” describes the process of contami-
nant degradation in the environment by biological methods using
the metabolic potential of microorganisms to degrade a wide vari-
ety of organic compounds [15].

The main advantage of bioremediation is its reduced cost com-
pared to conventional techniques (Table 2). Therefore they are of
major interest since the cost of remediation with conventional
techniques of all contaminated sites in the USA alone is estimated
to be $1.7 trillion [34].

Besides cost-effectiveness, it is a permanent solution, which
may lead to complete mineralization of the pollutant. Further-
more, it is a non-invasive technique, leaving the ecosystem intact.
Bioremediation can deal with lower concentration of contaminants
where the cleanup by physical or chemical methods would not be
feasible. Unfortunately, it presents some major drawbacks, which
still limit the application of these techniques, including the fact
that processes may take longer and are less predictable than con-
ventional methods.

The strategies for bioremediation can be the following:

® Monitored natural recovery (MNR): using the “self-healing”
natural capacities of the indigenous microbial population in com-
bination with natural occurring physical and chemical processes.

e Biostimulation: encouraging the indigenous population by influ-
encing the factors which affect microbial growth.

¢ Bioaugmentation: introducing appropriate species for the degra-
dation of specific contaminants.

e Phytoremediation: using plants and algae in the degradation and
removal of contaminants from the environment.

Bioremediation strategies may be applied in combination, e.g.
phytoremediation and biostimulation. Here, the use of plants can
also enhance the activity of degrading microorganisms in their root
system, then called “rhizoremediation”.

4.1. Monitored natural recovery (MNR)

Monitored natural recovery is the only bioremediation strat-
egy applied in sediment management currently. This technique
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involves leaving contaminated sediments in place and allowing
ongoing natural processes like aquatic sedimentation and biolog-
ical and chemical transformation to degrade or immobilize the
contaminant in situ, thus reducing its bioavailability [35].

Although no actionis required to initiate or continue the process,
natural recovery is considered the result of a deliberate, thoughtful
decision following detailed site assessment and characterization
[19].

Magar [35] identified several physical, chemical and biological
processes, which contribute to MNR. The burial of contaminants by
the natural deposition of clean sediments reduces surface sediment
concentrations over time. Sorption to active compounds present
in the sediment reduces contaminant mobility and bioavailability.
Particle-bound contaminants may leave the site of contamination
by erosion, transport and dispersion, which removes them from the
contaminated site but may increase contaminant concentrations
in downstream areas. Contaminants can be converted to less toxic
forms or degraded to its molecular constituents.

Compared to dredging and capping, MNR is the least expen-
sive response action, but requires extensive long-term monitoring.
MNR is considered most effective for low-risk sites with low level
or diffuse contamination, where human health and ecological risks
are not immediate or substantial [18,36].

Before choosing MNR as remediation strategy, Magar and
Wenning [36] suggest several lines of evidence that should be con-
sidered in sediment investigation prior to decision making:

1. Documentation (and possibly confirmation of source control).

2. Evidence of contaminant burial and reduction of surface sedi-
ment concentrations.

3. Measurement of surface sediment mixing to estimate the active
sediment benthic layer and to determine the surface sediment
depth to which remedial action objectives should be applied.

4. Measurement of sediment stability to assess the risk of contam-
inant resuspension under normal and high-energy events.

5. Evidence of contaminant transformation and risk attenuation.

6. Modeling of long-term recovery, including surface water, sedi-
ment, and biota.

7. Monitoring ecological recovery and long-term risk reduction.

8. Knowledge of future site use and institutional controls.

MNR is considered the most appropriate strategy where it can
be assured that contaminants will be buried or transformed in an
acceptable time and where the ecological impacts of dredging and
capping would have greater negative impacts [36].

4.2. Biostimulation

The biological degradation of contaminants in sediment is usu-
ally realized by anaerobic metabolism, due to the mostly anaerobic
sediment conditions. As anaerobic metabolic pathways need elec-
tron acceptors other than oxygen, stimulation of these pathways is
achieved by adding these acceptors.

Studies on benzene degradation in sediments from a petroleum-
contaminated aquifer showed anaerobic benzene degradation
when electron acceptors like Fe (III), sulfate, nitrate and humic
substances were available [37].

Major et al. [38] conducted a pilot scale field test to eval-
uate the dechlorination of tetrachloroethene (PCE) to ethene, a
degradation pathway which produces trichloroethene (TCE) and
cis-1,2-dichloroethene (¢DCE) as intermediates. The first stage
of the remediation test consisted in stimulating the indigenous
microbial population by injecting methanol and acetate as elec-
tron donors. Under these conditions dechlorination of PCE was
enhanced but stopped at cDCE and was not completed, due to the
lack of specialized microorganisms capable of the last reduction
step. A summary of biostimulation and bioaugmentation out-
comes for remediation by reductive dechlorination is given in
Table 3.

Table 3
Reductive dechlorination of different pollutants by natural attenuation, biostimulation and bioaugmentation.
Pollutant Conc. Duration Reduction Resulting compound Species and conditions Reference
1,2,3,4-TeCDD ? 50 uM 388d 37 mol% 1,3-DCDD P Intrinsic community [85]
PCB mixture Aroclor 1260 50 pg/ml 160d 64.2% Dehalococcoides [64]
1,2,3-TrCDD © 25 uM 57d 60 mol% 2-MCDD ¢ Dehalococcoides strain CBDB1 [65]
1,2,4-TrCDD 60 uM 57d 37 mol% 1,3-DCDD, 2-MCDD
1,2,3,4-TeCDD 46 uM 84d 24 mol% 2,3-DCDD, 2-MCDD
PCE® 80 pM 82d 100% Ethene Intrinsic community [3]
80 uM 80d 100% Ethene Intrinsic community + H, (low)
80 uM 76d 100% Ethene Intrinsic community +acetate + H;
80 uM 56d 100% Ethene Intrinsic community + H, (high)
80 uM 33d 100% Ethene PCE to ethene mixed culture
PCE ~10 uM 121d 76% Ethene Intrinsic community + lactate + nutrients [66]
43d 92% Ethene Dehalococcoides containing inoculum
PCE Microcosm study [38]
6 LM 17d 100% cDCE 8 Intrinsic community +lactate
6 M 23d 100% cDCE Intrinsic community + methanol
6 LM 57d 100% Ethene Dehalococcoides KB1
600 uM 150d 100% Ethene Dehalococcoides KB1
Pilot plot
173d 90% cDCE Intrinsic community + methanol + acetate
142d Predominant Ethene Dehalococcoides KB1
TCEf 4800 p.g/L 269d cDCE Intrinsic community [86]
4800 pg/L 150d 100% Ethene Dehalococcoides containing inoculum
2 Tetrachlorodibenzo-p-dioxin.
b Dichlorodibenzo-p-dioxin.
¢ Trichlorodibenzo-p-dioxin.
d Monochlorodibenzo-p-dioxin.
¢ Tetrachloroethene.
f Trichloroethene.
€ Dichloroethene.
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4.2.1. Surfactants

A general problem in biodegradation is the availability of the
contaminant to the degrading organisms. Bioavailability of a pol-
lutant depends largely on its physical and chemical properties: the
more complex the structure and the less soluble the substance,
the more recalcitrant it turns for biodegradation. Surfactants are
used as potential agents for enhanced solubility and removal of
contaminants from soil and sediments [39-42]. Both biosurfac-
tants, like bile salt, sodium taurocholate, and synthetic surfactants,
like Triton X-100 and sodium dodecyl sulphate, have proved to
increase the bioavailability of contaminants like PAHs and PCBs
[43-45].

The use of surfactants, of biological and synthetic origin, has
been investigated in several studies and the results vary between
facilitating, retarding or not affecting the biodegradation at all
[46]. Several factors may reduce the effectiveness of surfactants
in remediation processes. An important parameter is the adsorp-
tion of the surfactant to soil or sediment, since the amount of
surfactants adsorbed decreases the concentration available for dis-
solving the contaminant [47,48]. The degradation of hydrocarbons
is affected by biosurfactants because they increase the solubility
of the contaminant in the aqueous phase and change the affinity
between the microbial cells and the hydrocarbons by increasing
cell surface hydrophobicity [49]. But this does not always lead to
increased biodegradation, for instance when surfactants inhibit the
degradation by detaching the cells from the contaminant-water
interface [50,51], when the surfactant itself turns to be substrate
to degrading microorganisms [52-54] or when the surfac-
tant causes a toxic effect on the biodegrading microorganisms
[55,56].

4.3. Bioaugmentation

Bioaugmentation is the introduction of microorganisms with
specific catabolic abilities into the contaminated environment in
order to supplement the indigenous population and to speed up or
enable the degradation of pollutants.

The efficacy of bioaugmentation is a subject of discussion where
both, positive and negative results have been reported. Bioaugmen-
tation has proven successful for remediation of PAHs in sediments
with poor or lacking intrinsic degradation potential [38,57] while
other studies demonstrated that bioaugmentation did not enhance
biodegradation significantly compared to natural attenuation
[58].

One of the main problems in applying bioaugmentation is to
ensure the survival and activity of the introduced organisms in the
environment. Bioaugmentation can be inhibited by a variety of fac-
tors including pH and redox, the presence of toxic contaminants,
concentration and bioavailability of contaminants, or the absence
of key co-substrates. But the key factor to successful bioaugmen-
tation is the selection of the appropriate bacterial strain for this
purpose. When selecting the strain for augmentation purposes, the
kind of microbial communities present in the source habitat should
be considered [59].

Selecting a strain for remediation purposes, by not only account-
ing for degradation abilities but also for ecological characteristics
concerning adaptation to the habitat, has already shown success.
In a series of experiments aiming to develop a bacterial inocula
to treat spent metal working fluids in bioreactors three criteria
where used to select strains: (i) the relative abundance of the
source populations in the target habitat (waste), (ii) tolerance to
co-contaminants and (iii) the ability to degrade target contam-
inants [60]. The final consortium of four strains was 85% more
effective at processing the waste than undefined inocula from
sewage. Its performance was also more consistent and predictable
[61].

In another approach Diaz et al. [62] isolated a petroleum degrad-
ing consortium which was able to tolerate high salinity ranges. High
salinity ranges are a common restriction in applying bioaugmenta-
tion to marine sediments, like mangroves. The consortium isolated
from the roots of oil polluted mangroves showed both, degrada-
tion abilities and a high resistance to salinity variations, degrading
crude oil in the absence of salt and at salt concentrations as great
as220gL-1.

Bioaugmentation strategies may prove successful especially
in the remediation of man-made contaminants, where special-
ized bacteria with the appropriate catabolic pathways may not be
present in the contaminated habitat.

Halogenated organic compounds, like PCBs, PCDD/Fs and chlo-
rinated ethenes, generally are recalcitrant and accumulate in
sediments. Many of these substances are toxic and carcinogenic.
The toxicity and persistence of halogenated organic compounds
depends on the number of halogen molecules, their position and
the type of halogen [15].

Microbial reductive dechlorination or dehalorespiration is a
promising mechanism for the detoxification and degradation of
these halogenated compounds. In anoxic, reductive environments
like sediments, specific dehalorespiring microorganisms utilize
chlorinated compounds as their terminal electron acceptors and
gain energy from reductive dechlorination, substituting a halo-
gen by a hydrogen atom. Of these dehalorespiring organisms,
Dehalococcoides strains have been identified to be relevant for
the degradation of chlorinated ethenes [63], commercial PCB mix-
tures (e.g. Aroclors) [64] and polychlorinated dibenzo-p-dioxins
and dibenzofurans (PCDD/Fs) [65].

Assessing the fate of PCDD/Fs after sedimentation in an
urban (Tokyo Bay) and remote location (Lake Shinji) in Japan,
Uchimiya and Masunaga [16] estimated natural dechlori-
nation times for the formation of 1,2,3,4,6,7,9-HpCDD to
be at least 27.8+17.9years(mol%)~! in Lake Shinji and
4.7 +0.5years (mol%)~! in Tokyo Bay, which are significantly longer
than the dechlorination pathways observed in the laboratory.

In a series of laboratory and field experiments Major et al. [38]
and Lendvay et al. [66] measured the effects of natural atten-
uation, biostimulation and bioaugmentation of a contaminated
aquifer with a Dehalococcoides containing inoculum to evaluate
the dechlorination of PCE to intermediates (cDCE) or completely
to ethene, as well as to monitor the presence of dehalorespiring
bacteria with molecular techniques. Biostimulation consisted of
establishing reductive conditions by adding methanol and acetate.
As the site itself did not contain Dehalococcoides strains capable of
dehalogenating PCE completely to ethene, biostimulation only lead
to the accumulation of cDCE. The addition of a natural dechlorinat-
ing microbial consortium that contained phylogenetic relatives of
Dehalococcoides ethenogenes, capable of the last dechlorination
step, resulted in the successful dechlorination to ethene (Table 3).

Choosing bioaugmentation as remediation strategy is viable if
the limiting factor of biodegradation is the absence of relevant
catabolic genes within the indigenous microbial community and
this lack of genetic information will be filled by the introduced
strain [59].

Genetic information containing degradation abilities may also
be introduced by donor species, which themselves do not survive
a long time in the environment but pass on the lacking genetic
information to intrinsic microorganisms [67,68]. Dejonghe et al.
[69] introduced the plasmid pEMT1 containing information for the
degradation of 2.4-dichlorophoxyacetic acid (2.4-D) by a donor
strain to the indigenous soil microbial community. This resulted
in complete degradation of 2.4-D after 19d, while the contami-
nant persisted in the inoculated soil after 89 d. Degradation was
attributed to the emergence of transconjugants, as the donor was
undetectable before degradation started.
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Table 4
Comparison of phytoremediation outcomes.

Pollutant Conc. Plant species Pollutant reduction Reference

Phenanthrene 14 pnglg Salix (willow) 4.8% [87]
Scirpus (deergrass) 4.0%

Chlorobenzene 10 pg/g Salix (willow) 3.8%
Scirpus (deergrass) 5.7%

Petrol hydrocarbons, PAH Alnus (alder) No effect [80]
Populus (poplar)
Salix (willow)

Petrol hydrocarbons Salix (willow) 57% [79]

Carbon tetrachloride, hexachloroethane Spirogyra and Nitella (stonewort), >80% [73]
Myriophyllum aquaticum (parrot
feather), Elodea canidensis
(waterweed)

Total PAHs, 30 pg/g Hibiscus tiliaceus (dwarf hau) 58% [78]
Vetiver zizanoides (vetiver) 37%

Benzo[a]pyrene 5.6 nglg Hibiscus tiliaceus (dwarf hau) 73%
Vetiver zizanoides (vetiver) 54%

PCBs found in Aroclor 1260 Carex 6.8-21% [81]
No plant 4.2-15.5%

4.4. Phytoremediation

Phytoremediation in terrestrial environments is often applied to
remediate heavy metal pollution using hyperaccumulative species
to extract the contaminant. Phytoremediation of organic pollutants
does not work using hyperaccumulation but has the potential to
completely mineralize or transform the pollutant into a less- or
non-toxic component. Targets of phytoremediation include PCBs,
PAHs, nitroaromatics, and linear halogenated hydrocarbons. The
mechanisms of phytoremediation include biophysical and bio-
chemical processes like adsorption, transport and translocation,
as well as transformation and mineralization by plant enzymes
[13]. Plants have been shown to be able to degrade halogenated
compounds like TCE by oxidative degradation pathways, including
plant specific dehalogenases [70-73]. Dehalogenase activity was
observed to be maintained after the plants death. Enzymes can
become bound to the organic matrix of the sediment as plants die,
they decay and they are buried in the sediment, thus contributing to
the dehalogenase activity observed in organic-rich sediments [73].

In the rhizosphere plant roots interact with the present microor-
ganisms and may enhance their degradation activities by supplying
them with nutrients from root exudates [72,74-76].

Major drawbacks of phytoremediation include the fact that the
detoxification of organic pollutants is often slow and if decompo-
sition is not complete, toxic compounds may accumulate in plant
tissue and can be released to the environment or enter food-chains
[77].

The application of phytoremediation for sediments has been
investigated mostly for the remediation of dredged sediments dis-
posed in landfills but also for in situ remediation of shallow waters.

Dredged contaminated sediment generally is disposed in con-
fined landfills. Studies about the remediation of these sediments
by plants resulted in diverse outcomes, ranging from near 90%
reduction [78], to little remediation enhancement [79,80] or even
negative effects [81], depending on the contaminant, the environ-
ment and the plant species used for decontamination. In the case
of negative effects, plant roots contributed to the aeration of the
sediment, interfering with the highly reducing conditions needed
for reductive dechlorination. Table 4 gives an overview of different
phytoremediation outcomes.

Not only vascular plants but also algae may be used for reme-
diation purposes. In a recent study [82] benthic microalgae (BMA)
have been used for the first time in the remediation of organically
enriched sediments. Intrinsic BMA species were mass cultured in
the laboratory and reintroduced to the environment attached to
glass beads. Re-plantation of BMA changed the reduced conditions

of the organic-rich sediment to toxic, thus enhancing the degrada-
tion of the organic material.

5. Conclusions

All remediation techniques present specific advantages and dis-
advantages, which have to be evaluated according to each situation.
The main disadvantages of the two conventional management
strategies, dredging and capping, are their considerable impact
on the environment and the need for high investment. Bioreme-
diation approaches promise to eliminate these factors, but their
major drawback, as they are biological systems, is their low pre-
dictability and sometimes long degradation times, which involve
extensive monitoring activities. Also, many biodegradation exper-
iments are done in laboratory experiments and work differently
under the diversity of factors influencing these systems under field
conditions.

For future improvement, more field data and pilot plot scale
experiments are essential in order to make bioremediation a reli-
able option of remediation activities. The application of molecular
techniques may help to identify potential remediating organisms
and to discover what makes some species more persistent than oth-
ers. Improving the knowledge about microbial diversity in natural
environments may lead to the development of a culture collec-
tion of well-characterized organisms with degradation abilities and
high tolerance to a broad range of environmental chemical and
physical stresses [59] in the future. This ultimately may lead to a
increasingly robust and reliable bioremediation, capable of replac-
ing more invasive techniques.
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